INTRODUCTION
The liver cell responds to numerous stimuli by alterations in the structure and content of organelles, which appear to be correlaries to biochemical changes observed in subcellular fractions . In correlated electron microscopic and biochemical studies the biochemical data are usually quantitative, while morphological in- Material, obtained by a rigorous three-stage sampling procedure from five normal rat livers, is systematically subjected to this analysis at four levels of magnification . This yields quantitative data which are expressed as "densities," i .e . content per 1 ml of tissue, as "specific dimensions" related to 100 g body weight, and as absolute dimensions per average "mononuclear" hepatocyte . Base line data relating to the normal rat liver are presented for the entire spectrum of parameters. As examples, 1 ml of liver tissue contains 169 X 106 hepatocyte nuclei, some 90 X 106 nuclei of other cells, and 280 X 10 9 mitochondria . Hepatocyte cytoplasm accounts for 77% of liver volume, and the mitochondria for 18% . The surface area of endoplasmic reticulum membranes in 1 ml of liver tissue measures 1 I m2 of which are Zs of the rough form carrying some 2 X 10 13 ribosomes . The surface area of mitochondrial cristae in the unit volume is estimated at 6 m 2 . The validity and applicability of the method are discussed, and the data are compared with available information from other studies .
formation is mostly restricted to semiquantitative descriptions based on subjective judgment alone . This approach does not permit statistical testing of the data and, hence, precludes proper correlation of morphological and biochemical data .
In recent years stereologic methods have become available which permit efficient and reliable measurement of structures by simple counting or measuring procedures applied to electron micrographs of sectioned tissue (1-7, for extensive references cf. 8) . Quantitative data can thus be obtained on cells fixed intact, and can be correlated with information retrieved from subcellular fractions .
This paper presents the morphometric basis for a series of correlated experimental studies on structural and biochemical alterations of the liver cell induced by phenobarbital (9) and other compounds . It relates (a) a general morphometric model of the hepatocyte, (b) the stereologic methods required for quantitatively defining its parameters, and (c) corresponding base line data for the normal rat liver . Loud (7) has recently published a similar study, with particular emphasis on sublobular variations . The present study considers "average" cells, as they are essentially studied in liver homogenates . Disregard of sublobular variations for the present purpose appears justified in view of Load's findings of extensive homogeneity 'hroughout the liver lobule (7) .
MORPHOMETRIC MODEL OF

HEPATOCYTE
To define a morphometric model, liver tissue is systematically subdivided into compartments,' each of which forms a structural entity . These compartments are schematically represented in Fig . I , with an indication of their relationship to subcellular fractions . For the present purposes a number of simplifications and conventions are introduced (a) The extrahepatocytic space is understood to comprise the sinusoids with Kupffer cells and Disse space, the bile canaliculi, as well as extralobular tissue . This compartment is not further subdivided, since our studies will relate to hepatocytes only .
(b) To avoid difficulties and arbitrary judgement at transition points the term "endoplasmicreticulum" is here understood to include all membrane-bounded cytoplasmic cisternae, tubules, and vesicles . In particular, the perinuclear cisterna is considered as part of rough ER space, its external ribosome-studded membrane a portion of rough ER membrane . ' The term "compartment" is here defined as the fraction of space occupied by the totality of a given constituent, while "particle" refers to individual organelles.
Similarly all Golgi elements are attributed to smooth ER . In the scope of this study a differentiation of perinuclear space and Golgi elements as separate entities appeared unnecessary ; they contribute only a small fraction to the respective parameters and are, at least in part, also included in microsomal fractions of liver homogenate .
(c) The term "cytoplasmic groundsubstance" is defined as the cytoplasmic space extending from the cell membrane to the surface of membrane-bounded organelles . It thus includes glycogen granules, lipid droplets, and free as well as bound ribosomes . Volume of rough endoplasmic reticulum therefore refers only to cisternal space with membrane, but excludes the attached ribosomal layer .
The second part of Fig. 1 summarizes the morphometric parameters which define the model . They measure the volumes V of the compartments,' the surface area S of their bounding membranes, the number N of particles,' and their size estimated by their mean volume v . To set these parameters in relation to the organ and to the organism, two basic measurements are, of course, necessary : the liver volume VL and the body weight W. The internal parameters of hepatic structure can be expressed in three different ways STRUCTURAL DENSITIES or concentrations indicate the amount of a particular structure present in the unit volume of tissue . Accordingly, we would distinguish between : volume density (symbol' : Vv), representing the volume fraction of tissue occupied by this compartment ; surface density (Sv) measuring the surface of membranes in the unit tissue volume ; numerical density (N v ) indicating the number of particles in the unit tissue volume . It should be noted at this point that it may be of occasional interest to express one parameter in relation to another associated parameter. In this sense it may be meaningful or practical to measure, e .g ., the surface density of endoplasmic reticulum membranes in relation to hepatocyte cytoplasm (see Methods) .
ABSOLUTE DIMENSIONS represent, e .g., total membrane surface of smooth endoplasmic reticulum of all hepatocytes of the entire liver, or the number and volume of all liver mitochondria . etc . These are obtained by multiplying the structural density values with the liver volume Vr , .
2 The notation used throughout this study conforms to the principle accepted by the International Society for Stereology (6, 8, 11) . Specific dimensions will be used in the present and the accompanying paper (9) to compensate for variations in body size of the experimental animals . All absolute dimensions will be given in reference to rats of 100 g body weight, which we have arbitrarily chosen as standard .
METHODS
Preparation of Tissue
Rats, were lightly anesthetized with ether and sacrificed by severing the neck . After immediate laparotomy the liver was resected in toto and weighed . Subsequently, three thin slices were cut from the major left lobe and diced into the usual tissue cubes of about 1 mm diameter. These were fixed for 2 hr in cold phosphate-buffered 1 % osmium tetroxide (35) , and, after dehydration in graded acetone, embedded in Araldite.
The blocks were sectioned on a Porter-Blum ultramicrotome with a diamond knife . Section thickness was kept as constant as possible ; it is estimated from the silver interference color to be of the order of 600-900 A (12) . The sections were picked up on 200-mesh copper grids fitted with a carbon-coated parlodion film. Constrast was enhanced by double staining with uranyl-acetate and lead citrate (13) . The sections were examined in an Elmiskop I, random electron micrographs being recorded on 35 mm film for stereologic analysis (6) .
Sampling
Since only a minute fraction of the tissue could be examined, a rigorous sampling procedure had to be defined .
1 . The primary sample consisted of some 40 tissue cubes obtained from dicing the thin liver slices . These blocks were derived from three regions of the 3 The term "specific" is here adopted to mean "relative to 100 g body weight ." The term "relative" is reserved for the description of relationship between parameters inside the organ .
liver ; the remaining liver pieces were used for biochemical analysis. This primary sampling procedure strived for adequate correspondence between the samples subjected to biochemical and to morphometric analysis .
2 . From the pooled and mixed blocks of the primary sample prepared for morphometry, five blocks were chosen at random to represent the secondary sample . Each of these blocks was sectioned at 1 ju for light microscopy and at 600-900 A for electron microscopy. At low magnification, one technically perfect section from each block was selected for further analysis .
3 . The tertiary sample consisted of micrographs recorded on the sections of the secondary sample . This sampling stage needed to be further subdivided since micrographs used for stereologic analysis have to meet two requirements : (a) they must be large enough to include a representative sample of all structures . (b) they must provide sufficient resolution for unambiguous and precise recognition of the finest structures.
Since these two conditions cannot be simultaneously met on one and the same micrograph in a broad study as the present, ii was necessary to employ four levels of magnification . III . Six electron micrographs were recorded on 35 mm film from each section at primary magnification of 2500. Random sampling of these fields was ensured by positioning the fluorescent viewing screen of the microscope into one specified corner of six consecutive squares of the supporting copper grid, as previously described (6) . This yielded a tertiary sample of 30 micrographs per animal at this level of magnification .
IV . For higher resolution of cytoplasmic membranes, six electron micrographs were recorded from the same sections at primary magnification of 10,000 . The rules for positioning the screen were the same as at level III ; however, fields containing less than 50% cytoplasm were discarded, since, at this level, all measurements were to be estimated in relation to hepatocyte cytoplasm. The tertiary sample of this level comprised again 30 micrographs per animal .
The further analysis of the electron micrographs of levels III and IV followed essentially the procedures fold secondary magnification . The final magnificapreviously described (6) . The negative film strips tions thus were X 22,500 for level III and X 90,000 were contact-printed on film. These prints were for level IV . The size of the fields is shown on Fig . 2 examined in a table projector unit yielding a ninein relation to hepatocyte dimensions . FIGURE 2 Low power electron micrograph of normal rat liver . Three fields of level III and IV (large and small rectangles) are marked ; one field of level IV (X) is discarded because itdoes not contain enough cytoplasm . X 3,000.
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Stereologic Procedures
PRINCIPLES
The choice of an appropriate measuring technique for morphometric studies is essentially determined by two requirements : (a) the precision required for each individual measurement and for the total estimate, (b) the time necessary and available for evaluation of the total sample, i .e ., the efficiency of the method in relation to the cost of work (6) .
In this study, it appeared useless to measure individual profiles of structures with high precision . However, it was important to use a highly efficient method, in order to survey a larger tissue sample . This was achieved by application of stereologic point-counting procedures (6, 16) , as follows . The volumetric density Vvi is estimated by placing a lattice of PT test points on a section and determining the fraction PPi = Pi/PT of these points enclosed within profiles of the structure :
The surface density S vi is directly derived from counts of the intersection points 4 L of the surface contour of profiles with test lines of known length L T (17, 8) :
The numerical density N v of particulate structures can be estimated from counts of particle profiles in a test area of known size (18 . 19) :
where N Ai is the number of profiles per unit test areas or the actually counted number divided by the test area . the coefficient ß is shape dependent and has been discussed elsewhere (18) . The factor K > 1 4 In previous papers (5, 6, 8) the symbol N was used used for intersection points . To avoid confusion it is replaced by I. 6 In this paper "unit length" is taken as 1 cm ; accordingly, unit area = 1 cm 2, unit volume = 1 cm, = 1 ml. (19) ; for lack of adequate information it will be assumed to be close to unity in this study, which causes an underestimation by 5-10% of the particle counts (3, 19, 20) . In the case of hepatocyte nuclei the size distribution was found to have a coefficient of variation of 14%, so that the coefficient K could be estimated at 1 .03 (19) .
The size distribution of hepatocyte nuclei was derived from the size distribution of section profiles by applying the transformation of Wicksell for spheres (26, 37) , adapting the computer program recently published by Baudhuin (38) . This provided a second independent approach for estimating the number of hepatocyte nuclei by the method of De Hoff and Rhines (39) :
where NA ,, is the number of nuclear profiles counted per unit section area corrected for the loss of small profiles and the effect of section thickness (cf . Fig .  8 a) , and D is the mean nuclear diameter .
APPLICATION TO LEVEL I
The viewing screen of the automatic sampling stage microscope (14) was fitted with a square lattice containing 100 test points. This allowed estimation of the relative volumes of lobular and extralobular tissue .
APPLICATION TO LEVEL II
The light micrographs were examined with a test screen containing a frame of known area (19,700 µ 2 ) and a quadratic lattice of 841 points. This served to determine volume and number of nuclei of hepatocytes and other cells . Hepatocyte nuclei were assumed to be spherical with a shape coefficient /3 = 1 .38 . On the same micrographs the size distribution of profiles of hepatocyte nuclei contained in an area of 28,500 µ 2 was determined by using a Zeiss Particle Size Analyser .
APPLICATION TO LEVEL III
At the low magnifications of level III the volumetric composition of lobular liver tissue was to be tested . Because of the wide range in the size of structures, a double-lattice grid with a 1 :9 ratio (6) was chosen (Fig. 3) . The rectangular frame of the electron micrograph enclosed 891 test points, of which 99 were set off as "heavy points ." The coarse grid was used for estimating the volume of the gross compartments : extrahepatocytic space, hepatocyte cytoplasm, and nuclei, The volume of mitochondria,
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THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 which constitute a large fraction of cytoplasm (-25°J c), could also be estimated with the coarse grid ; a preliminary test had shown that use of the fine grid improved accuracy only by about a factor of 2, while the labor involved was ninefold . The fine grid was employed for estimating the volume of the scarcer organelles recognizable at this magnification : microbodies and dense bodies . A frame of known area (103 µ2 ) was used for counting profiles of mitochondria and peroxisomes . For calculation of the number of these organelles per unit volume of tissue the shape coefficient ,C3 was assumed to be 2 .25 for mitochondria, and 1 .45 for peroxisomes . This followed from an estimation of mean axial ratios of elliptic profiles which was 1 .8 for mitochondria and 1 .2 for peroxisomes. Assuming, in first approximation, an ellipsoidal shape for both organelles, it could be roughly estimated that mitochondria should be about 4 times as long as thick, while the long axis of peroxisomes is estimated at about 1 .5 times their diameter. It is recognized that this is a rough estimation which nevertheless can give a reasonable approximation of the number of organelles . In a separate step, a grid of equidistant lines of known length LT was used to estimate the surface area of hepatocyte cell membrane . Intersections with parts of the membrane adjoining sinusoids (1h-,j), biliary capillaries (Ih_b), and neighboring hepatocytes (Ih_h) were recorded separately to allow an appreciation of hepatocyte polarity .
APPLICATION TO LEVEL IV
Since the high power electron micrographs of level IV had been centered on cytoplasm (cf . Fig . 2 ), all measurements were referred to cytoplasmic volume, whose contribution to total liver volume was determined in levels I and III . Three types of measurement were performed : (a) volume of smooth and rough endoplasmic reticulum ; volume of mitochondria ; volume of cytoplasmic ground substance . (b) membrane surface of smooth and rough endoplasmic reticulum ; surface of outer mitochondrial membrane and of mitochondrial cristae. (c) number of membrane-bound ribosomes .
In order to perform measurements (a) and (b) in a single step, a multipurpose grid with 18 lines of length z (6) was drawn on the screen (Fig . 4) .
In order to express all data relative to cytoplasmic volume, LT had to be defined as test-line length enclosed in cytoplasm (LT,), which was estimated from the number of end points P, enclosed in cytoplasm :
To facilitate LT, = % P, . z measurement of mitochondrial mem- FIGURE 3 Typical micrograph characterizing the sample unit at level III, superimposed with test screen in form of double-period square lattice . Heavy frame delimits actually analyzed area which includes 891 points, of which 99 are set off as "heavy points ." Note that a portion of a sinusoid (S) and of a nucleus (N) is included, while the biliary capillary (B) is, here, outside the field . X 12,500.
branes intersections with cristae were counted as a membrane were recorded as a single intersection single point (I.,.), although two membranes were V-) . The number of bound ribosomes was determined by an indirect method : on the electron micrographs of level IV, profiles of rough endoplasmic reticulum with clearly discernible membrane were randomly selected . The contour length of the membrane was measured and the number of ribosomes attached was counted . It must be assumed that the ribosomes counted were attached to a strip of membrane extending through the section thickness of 600-900 A. On the basis of our mode of selection the width of this strip was estimated to be approximately 850 A. This allowed estimation of the number of ribosomes attached to 1 µ2 of rough ER membrane . Assuming the shape of the hepatocyte to be similar to either a cube or a sphere it can easily be shown that 2 = 6 • v/s (21) ; 2 designates mean diameter, with respect to a sphere, and mean side length for a cubic model.
In addition, the membrane surface of the individual hepatocyte is estimated by division of S Vh by N Vh .
CALIBRATION
The magnification of electron micrographs and the size of test line and of test area were calibrated by means of a carbon grating replica having 28,700 lines per inch . Extreme variations were less than f 5c/0 of the mean.
DATA RECORDING AND COMPUTATION
The primary data were recorded as differential counts in ten electrical counters fed from a keyboard . The original device (6) has been considerably improved (22) , in that transfer of data onto tables and onto punch cards is automatic . The counts were tallied over one micrograph (unit of sampling stage 3) ; before advancing the film by one frame, a pushbutton triggered the transfer of data onto table and punch cards . This greatly improved efficiency : analysis of ten parameters on one film with 30 electron micrographs, corresponding to one animal, was performed in less than 2 hr . With the primary data on punch cards, the subsequent calculation of param-eters, including statistical analysis, was performed by computer .
The computer program used for this study and for the accompanying paper (9) formed part of a general-purpose morphometric computer program the details of which will be presented elsewhere .' It is composed of three parts :
1 . Computation of the characteristic parameters (Table I) 
3 . The last part of the program performs a statistical comparison of group averages of the specific parameters by means of Student's t test ; this is used for evaluation of experimental data as in the accompanying paper (9) .
SYSTEMATIC ERRORS OF MEASUREMENT
Two basic sources of systematic error must be expected to affect these data . Compression of the tissue by sectioning caused a reduction of section length by about 10%, while the width remained unchanged . Since Loud (23) had shown that this effect is, at least in part, compensated by optical distortion of the electron micrograph, no correction was introduced. For comparative work (9) such a correction is unnecessary since it can be assumed that all experimental groups are affected by the same degree of systematic errors.
In several instances the effect of section thickness on the primary data had to be taken into account.
(a) Nuclear profiles were counted and measured on sections I s thick . The errors introduced by the ratio of section thickness to mean diameter of about 1 :8 had to be corrected since a systematic error in Nv0 would have seriously affected the computation of "dimensions per hepatocyte ." Section thickness was estimated to cause an overestimation of NA o by 1 1 % ; on the other hand, nuclear profiles with a diameter d < 3 .4 µu were not recognizable which resulted in a deficit of 10% in the profile counts ; the two errors in NA,b canceled so that no correction was necessary . The error affecting V vn due to section thickness amounted to an overestimation by some 16% which was partially compensated for by failure of recognizing small profiles ; it was estimated that the residual error could be corrected by reducing the observed V v,, by a factor of 0.9 . The Wicksell transformation used in this study (37, 38) includes a cor-rection for both section thickness and loss of small profiles (Fig. 8 a) .
(b) The diameter of ribosomes (' 150 A) is about )i of the average section thickness of 750 A . The observed counts were overestimates and were corrected, according to Abercrombie, by a factor of 0 .83 (cf. reference 28) .
(c) Membrane structures such as cisternae of endoplasmic reticulum and mitochondrial cristae are difficult to recognize when they are sectioned at an angle of less than 45°. This is essentially due to Holmes effect (cf. references 24, and 8 p. 96), since the translucent cisternal and cristal spaces are obscured by the denser cytoplasmic matrix. A recent study by Loud (36) has shown that up to ?3 of membrane profiles may be "lost" by Holmes effect. The data on membranes presented in tables are uncorrected because of uncertainty in the degree of error ; estimated correction factors are indicated where they are relevant .
MATERIAL
The five animals used in this part of the study served, at the same time, as controls for the investigation of changes induced by phenobarbital (9) and were hence treated in the same fashion . They were male albino rats (Wistar-derived) from a closed breeding colony, 8-9 wk old, each from a different litter, fed ad libitum with standardized laboratory chow, and fasted for 24 hr before sacrifice . The weight of these animals is given in Table II .
RESULTS
Size of Liver
With an average body weight of 173 .6 g the liver volume of these animals amounted to 5 .84 ml (Table II) . The specific liver volume, de- Table III presents a synopsis of all the data obtained in this study . Light microscopic studies (level I) revealed that 96% of rat liver volume was lobular parenchyma, i .e ., hepatocytes, sinusoids, Disse space, and biliary capillaries ; the remaining 4% included portal triads, hepatic and central veins.
The sample investigated morphometrically by electron microscopy included only lobular tissue. Of this, 877, was made up of hepatocytes, while sinusoids, perisinusoidal space, and biliary capillaries amounted to 13 % . In relation to total liver volume, it must thus be derived from these data that hepatocytes occupy 83 % of the volume (Fig. 6) .
No further subdivision of extrahepatocytic space was attempted in this study ; however, it was estimated to contain some 90 X 10 6 cell nuclei per I ml of tissue .
Number and Size of Hepatocytes
The number of hepatocyte nuclei per 1 ml of liver tissue, computed according to eq 3, amounted to 169 X 10 6 (SE t 9 X 106) . The specific volume of liver was thus found to contain 568 X 10 6 (±28 X 10 6) hepatocyte nuclei, on the average (Table 1II ) . The variation among individual animals was rather small (Fig . 7) .
The number of hepatocyte nuclei derived by equation 4 was 164 X 106 for N v" and 551 X 106 for the specific number when computed from the pooled data of all five animals (Fig . 8) . When the number of nuclei was computed for the individual animals this method yielded considerably larger variations, which is probably due to a high sensitivity of the Wicksell transformation to statistical errors in the observed profile size distribution . Fig . 8 shows the size distribution of nuclei as derived by Wicksell transformation from the pooled data . With a mean D = 7 .93 u the nuclear diameters vary between 5 and 11 µ, the variance being +1 .12 µ. The mean nuclear volume is here estimated at 277 µ 3. Estimation of mean nuclear volume from Vv~obtained by point counting and N v,, yielded a nuclear 299 µ3 (SE f 16 IL 3) .
Since it has not been possible in this study to determine the relative number of binucleated cells, the term "hepatocyte" will henceforth be understood to mean "cell portion related to one nucleus," or "mononuclear hepatocyte ." This appears acceptable since binucleated hepatocytes are generally larger than the mononucleated cells, because of the constancy of nucleo-cytoplasmic volume ratio (10, 25) .
The mean volume of the individual hepatocyte was found to be 4940 µ3 (Fig . 7) . This forms the basis for computation of the absolute amount of organelles in the individual hepatocyte, as given in the last column of Table III . The surface area of all hepatocytes in the unit volume of liver tissue measures 0 .28 m2 ; hence, that of the individual hepatocyte ( Fig . 9 ) averages 1680 µ2 (±70 µ 2) .
The average diameter of hepatocytes, as derived from the volume-to-surface ratio, was found to be 17 .7 (sE ± 0.8) µ . This fits well with the diameter of 17 µ for a cube of volume 4940 µ3 , These two measurements are largely independent and hence provide a check on the consistency of the data .
Polarity of Hepatocyte
The hepatocyte membrane is in contact with three different compartments : perisinusoidal space, biliary capillary, and neighboring hepatocytes . The fraction of membrane surface abutting on these compartments provides a measure of polarity of the hepatocyte . As shown in Fig . 9 , 50% of hepatocyte surface was found to be adjoining on other hepatocytes, while the sinusoidal side occupied 37%, and the biliary capillary wall 13%o of the membrane area . The two functional surfaces of the hepatocyte have thus a ratio of 3 :1 and comprise half the cell surface. It must be noted though that the method of measurement employed did not account for the surface enlargement by formation of microvilli in biliary capillary and perisinusoidal space . In absolute terms the actual membrane surface present in these locations is estimated to be approximately three times larger than here indicated . It can thus be estimated that about 2000 µ2 of the actual hepatocyte membrane is in contact with the Disse space, and 700 µ2 with the biliary capillary, With regard to the specific rat liver volume of 3 .36 ml the sinusoidal surface is of the order of 0 .34 m2, with over 1 m2 of hepatocyte membrane adjoining. The totality of biliary capillaries in the specific liver volume have a bounding membrane surface of the order of 0 .3 m2.
Subdivision of Hepatocyte
In Fig . 6 the finer subdivision of liver space, hepatocyte, and hepatocyte cytoplasm7 is graphically represented. More than 50% of the hepatocyte is made up of cytoplasmic ground substance, while nuclei occupy only 6% . The mitochondrial space amounts to 22 1'/ 6 , while dense bodies and microbodies jointly contribute about 2% . Some 16% of cytoplasm is made up of cisternae of the endoplasmic reticulum (including Golgi ele-7 For convenience, "cytoplasm" will henceforth be used to mean "hepatocyte cytoplasm ." 82 per cent cytoplasm THE JOURNAL OF CELL BIOLOGY -VOLUME 42, 1969 FIGURE 6 Volumetric subdivision of liver tissue, hepatocyte, and hepatocytic cytoplasm . ments), of which about 2/3 appear in the rough form. Table III presents the concentration of these components in total liver tissue, as well as their absolute dimensions per specific liver volume and per individual hepatocyte .
Endoplasmic Reticulum
Figs. 10 and I1 show the individual measurements of volume and surface density of endoplasmic reticulum in cytoplasm, as they were obtained directly from stereologic analysis at magnification level IV (Table I) . Each point refers to one animal, i .e ., to an analysis of 30 electron micrographs from five tissue blocks . The scatter of the data is due to individual variations and to sampling error . As indicated by the vertical bar the standard error is less than 10% of the mean for all parameters, except for the surface density of smooth membranes, where it amounts to 12% .
In every case the volume of rough ER exceeded that of smooth ER (Fig . 10) . The same could be said for the membrane surface, except for one case in which smooth ER membranes were comparatively high (Fig . 11) . The mean volumetric density of rough ER cisternae in cytoplasm was 0.10, that of smooth ER 0 .061 ; this difference is statistically significant with an error probability of P < 0 .05 . The mean surface density of membranes in cytoplasm is 8 .1 µ 2 /µ 3 and 6.0 µ2/µ3 for rough and smooth ER, respectively ; this difference does not reach a satisfactory level of significance (P < 0 . The average number of ribosomes found attached to I µ2 of rough ER membrane is given in Fig . 11 for the individual animals ; the group mean was 334 IA-2 (SE t 18) .
The total surface of endoplasmic reticulum in the specific liver volume (relating to 100 g body weight) is 37 m2 (Table III) , of which 21 m 2 represents ribosome-studded rough membranes and 16 m2 represents smooth membranes . The space bounded by these membranes amounts to 0 .43 ml for total ER, and the number of attached ribosomes is estimated at 70 X 1014 in the specific liver volume . The individual mononuclear hepatocyte is estimated to contain some 63,000 µ2 of ER membranes to which 12 .7 million ribosomes are attached.
As mentioned under Methods, the measurements here obtained for endoplasmic reticulum are systematically underestimated due to Holmes effect . It is roughly estimated that the values of ER membrane surface and ribosomal number Vh FIGURE 7 Number of hepatocyte nuclei per unit tissue volume and per specific liver volume, and mean volume of hepatocyte . Dots represent individual measurements, columns the group mean, and brackets f 1 standard error. FIGURE 9 Surface area of average hepatocyte with estimate of polarity in terms of fractional sinusoidal and biliary surfaces, as well as contact area with neighboring hepatocytes . Note that surface enlargement by microvilli e tc . i s not considered . must thus be increased by a factor of about 1 .25 to yield "true" dimensions ; but it should be emphasized that the estimated ribosomal number has to be taken with caution, since a number of assumptions were necessary to arrive at this value . total ER rER sER
Mitochondria
The volume density of hepatocyte mitochondria in liver tissue amounts to 18% (Figs . 6 and 12) . The scatter of individual measurements is small (Fig . 12) , as expressed in the standard error of only 2 % of the mean . The numerical density NV was found to be 280 X 10 9 per ml of liver, or 940 X 10 9 per specific liver volume . The membrane surface of mitochondrial envelope measured 1 .5 m2 in the unit volume of tissue, and some 6 m2 for the inner membrane with cristae ; the latter value is probably underestimated by at least 30% (see Methods) .
The individual hepatocyte was estimated to contain 1665 mitochondria on the average (Table  III) ; their total volume amounts to 1070 u 3, which corresponds to 22% of hepatocyte volume (Fig. 6) .
The mean mitochondrial volume is estimated at 0 .65 µ3 (Fig . 12) , with a standard error of 3 % of the mean. Assuming a cylindrical shape of these mitochondria and an average diameter of 0 .6 µ, as estimated from direct measurements of the short axis of elliptic profiles on section, the average mitochondrion is about 2 .4 µ long. The surface-to-volume ratio of such a cylindrical structure would be 7 .5 p -1 , which fits well with the measured ratio of envelope surface to mitochondrial volume of 8.1 A -' .
The surface area of the inner membrane was FIGURE 11 Surface density of endoplasmic reticulum membranes in hepatocyte cytoplasm, and number of bound ribosomes per 1 µ2 of rER membrane. found to be, on the average, four times larger than that of the envelope (Fig . 13) . The wide scatter of these data is due to the difficulty of measurement of cristae on comparatively thick sections. It is thus likely that the actual surface of inner membrane with cristae is at least 1 .5 times larger than here estimated . If this correction is applied to the value of 35,000 µ2 of inner membrane found per hepatocyte (Table III) , it is observed that the total surface areas of inner mitochondrial and endoplasmic reticulum membranes are of the same order of magnitude . Volumetric and numerical density of mitochondria in lobular liver tissue, and mean mitochondrial volume .
Microbodies and Lysosomes
It is found that one hepatocyte contains about 370 microbodies which contribute some 1 .5% to its cytoplasmic volume (Fig . 6 and Table III) . Dense bodies make up less than 1 %o of cytoplasm. Because of large variation in shape and size of dense bodies, their number was not counted . By comparison with microbodies it can, however, be estimated that one hepatocyte may contain 200-300 dense bodies, so that 1 ml of liver tissue FIGURE 13 Estimates of mitochondrial membrane would hold approximately 40 X 10 9 of these granules.
• The quantitative analysis of tissue sections has the advantage of revealing the topographical relationship between components in its integrity . A properly prepared section obtained through a rigorous sampling procedure will therefore represent a reliable unbiased sample of tissue composition, so that application of stereological techniques can be expected to yield results representative of actual tissue composition, at least within the range of methodical errors discussed below. Baudhuin and Berthet (26) have recently proposed to use sectioned pellets of subcellular fractions, e.g. mitochondria, instead of sections of whole tissue for quantitative studies by methods similar to those used here . It is true that the population of particles studied was more homogeneous than in native liver tissue and probably represented a good random sample. However, it still remains to be established how well a subcellular fraction relates to whole tissue ; part of the discrepancies to our results may be explained by a considerable loss of mitochondria in the course of preparation, as will be discussed . Furthermore, homogenization appears to lead to a fragmentation or distortion of these organelles, artifacts which can be avoided to a large extent in careful preparation of intact tissue blocks .
One of the major problems encountered in this type of study relates to the choice of proper sample size . In order to be representative of tissue composition in all its heterogeneity, the section area investigated must be large enough to include the entire distribution of structures ; precise recognition and measurement of cytoplasmic organelles, on the other hand, demands high magnification which drastically limits the field of observation. The stepwise sampling procedure employed in this study ensured that the total sample investigated was representative for all phases of liver tissue, while a wide range of magnifications provided adequate resolution for precise measurement of structures . Admittedly, higher precision could have been obtained by using still larger sample sizes, but it was judged preferable at this stage to obtain comprehensive data on a large number of parameters and to accept a certain degree of statistical variation .
Efficiency of the analysis was achieved by three measures . Firstly, the size of the sample was kept small at each level . Nevertheless, the data obtained on five animals were consistent, with standard errors ranging between I and 10% fog most parameters .
Secondly, point-counting methods of analysis were adopted for measuring . Compared to lineal integration methods, as used by Loud (1, 23, 27) , the individual determination has smaller accuracy ; however, it is performed much faster so that a larger sample can be evaluated in the same course of time . The ratio of reliability of measurement to effort is therefore more favorable in pointcounting analysis .
Thirdly, the analytic procedure was partially automated (22) . Analysis of the micrographs is left to the experienced investigator . However, with proper choice of test systems (6) , he has merely to decide on the classification of "point traces" generated by confrontation of micrograph and test system. After recording his decisions by means of a simple keyboard-operated data collector, the investigator can rely on fully automated tabulation of data and computation . It should be noted that this procedure, once established, allowed stereologic analysis of the entire range of parameters here presented to be performed in approximately 10 hr per animal . This does not include time for preparation of tissue and recording of micrographs .
The parameters determined in this study were limited to average contents of the liver in organelles etc ., and to average sizes of particles . The aim of this study was to provide a broad base line for comparative biochemical and morphometric studies of livers under experimental conditions (9) .
Particle size distributions appeared of secondary interest in the context of this study, except for hepatocyte nuclei in which case it was hoped that changes in nuclear size distribution would reflect shifts in the degree of ploidy under the effect of phenobarbital (9) . In extension of this project it would also be of interest to determine size distributions of cytoplasmic organelles, although serious difficulties may be encountered particularly with mitochondria ; this would help to eliminate part of the uncertainties in some assumptions made in determining particle numbers and sizes.
This type of study is affected by a number of systematic errors which have been extensively treated elsewhere (3, 5, 6, 8, 24) . Insofar as they affect the present investigation, these errors have been given proper consideration in the course of presentation of the methods ; where needed, appropriate corrections of the results were explicitly introduced. Some results presented in table form are, however, uncorrected since corrections were based on crude estimations only ; rough correction factors are indicated . The most important systematic error related to a loss of endoplasmic reticulum membranes and of mitochondrial cristae of about 30%%o due to finite section thickness . Because of section thickness some tangential sections of particles may have been missed ; this is, however, at least in part, compensated for by the opposite effect of systematic overestimation of nonequatorial sections due to Holmes effect . Nevertheless, the numbers of mitochondria and microbodies may be somewhat underestimated .
Discussion of the Model
In order to allow synthesis of the detailed results a simplified hierarchic model of liver parenchyma with a hepatocyte situated between sinusoid and biliary capillary was introduced . No attempt was made in this study to further localize the hepatocytes within the lobule or within the entire liver . We have purposely sampled the tissue at random, since averages derived from a true random sample will best compare to biochemical data obtained on liver homogenates . Loud (7) has recently estimated that the liver is at least 80% homogeneous with respect to subcellular composition in spite of sublobular variations .
Form of Presentation of Results
The stereologic analysis performed in this study yields, as basic data, concentration parameters : e .g ., the volume of a compartment or the number of particles in the unit tissue volume . These data are quite useful since they allow easy calculation of the amount of a given parameter in any aliquot of liver tissue . For presentation of the data we have chosen I ml as the standard unit volume throughout this study.
In the subsequent experimental study (9) we have found it useful to express the data as "specific dimensions," i .e ., in relation to a standardised body weight of 100 g . This eliminates variations in body size of the experimental animals and is justified because, in the normal animal, the ratio of liver to body weight is constant, at least within age groups (10) . 
Discussion of Results
Among the few morphometric studies on the liver cell the articles by Loud and co-workers (1, 7, 23, (27) (28) (29) are most directly comparable since they are based on an essentially similar analytic method . The main differences between these studies and the present ones are (a) that Loud used the method of lineal analysis, while we relied essentially on point-counting procedures ; (b) that Loud obtained his sample by a combined procedure of random sampling and selection, whereas here a strictly systematized random sampling in hierarchic stages is considered essential . These approaches will yield results differing in some detail but still comparable on a broad basis .
If the data in Loud's studies are converted to units comparable with those used here, good agreement is observed for most parameters . The number of hepatocyte nuclei per unit tissue volume is estimated at 154 X 106 as compared to and one our 169 X 106, their mean volume at 280 298 µ3, respectively .
Loud (7) estimates that the volume of parenchymal cell is 5,400 µ3 as compared to our 4940 s3 ; this difference is related to the difference in nuclear numbers .
In this study the mitochondrial volume was found to be 18.6 % of lobular tissue volume, which compares well with Loud's earlier data (1, 23) . This value appears to be somewhat higher than that in Loud's recent paper (7) in which he estimated that the volume density of mitochondria in cytoplasm varies from 13 to 20 % between the three sublobular zones considered . If weighing factors for these zones, as given by Loud, are applied, the mitochondria are found to make up 1870 of cytoplasm volume, as compared to 21 % in this study . Comparison of the mitochondrial numbers also shows good agreement with Loud's earlier data, while his newest estimate appears smaller by some 20% . It is hard to explain these differences but they may well be founded in the different sampling procedures employed, or in Loud's choice of a highly hypertonic fixation medium ; or they may be due to differences in species, age, and sex of the animals . It is, however, noteworthy that the average dimensions of the individual mitochondrion agree rather well in most respects, except perhaps for their axial ratios ; this needs further investigation .
Loud (7) found the numerical ratio of microbodies to mitochondria to be 1 :2, while in the present study it was 1 :4. It should be noted that our data on mitochondria and microbodies agree well with those obtained earlier in another study (30) , and that the ratio of 1 :4 is identical with that derived by de Duve and Baudhuin from biochemical data (32) . The only data in our study that differ significantly from Loud's (7) data are the surface densities of endoplasmic reticulum membranes, Loud's values being less than half of ours . This difference is not readily explained . It appears possible that strain or age differences are involved ; or it may be that fasting the animals prior to sacrifice had some effect . On the other hand, we have found it necessary to use a magnification considerably higher than that used by Loud for unambiguous identification of intersections between test lines and ER membranes ; underestimation due to lower magnification could thus be possible .
If the present data on mitochondria are compared with those recently determined by Baudhuin and Berthet (26) on subcellular fractions, a striking difference is noted : the mitochondrial number per unit volume of liver is estimated by these authors at 490 X 10 9, and the mean mitochondrial volume at 0 .287 µ3 , i .e ., less than half of ours . These mitochondria were estimated to make up only 14% of liver tissue, as compared to our value of 18 .6% . Similarly, they found significantly smaller values for the inner and the outer membrane surfaces .
Two events appear to be reponsible for these differences : (a) an appreciable fraction of mitochondria, of the order of 20-3070 , may be lost in the course of cell fractionation ; (b) a good portion of mitochondria apparently has become fragmented during this procedure . In intact tissue preparations, mitochondria appear as elongated organelles . In this study the average axial ratio of the roughly elliptic profiles was 1 .8, and it was estimated from the distribution pattern of profiles that the organelle should be about 4 times longer than thick, on the average . Some mitochondria must be considerably longer, as a few profiles had axial ratios of up to 8 . Baudhuin and Berthet (26) assume that the mitochondria in their preparations have an almost spherical shape since the axial ratio of profiles was 1 .1, on the average . This finding, together with the elevated number of organelles in spite of smaller total volume, suggests fragmentation of mitochondria upon homogenization or fractionation . A correlated study on intact tissue and cell fractions should establish the artefacts introduced by cell fractionation, to clear up these discrepancies .
Glas and Bahr (33) estimated the mean mitochondrial volume to be 0.43 µfi by their method of quantitative electron microscopy . This value is larger than Baudhuin's but still smaller than ours ; it should be noted, though, that Glas and Bahr have also studied subcellular fractions and that the axial ratio of whole mitochondria illustrated in their article is 1 .1-1 .4 and hence even smaller than the axial ratio of mitochondrial profiles observed in sections of intact tissue . This may also be due to fragmentation .
The number of ribosomes has been estimated by Blobel and Potter (34) to be about 6 X 10 6 per average liver cell . Considering the fact that this value was obtained by an entirely different indirect approach, it compares, at least in order of magnitude, satisfactorily with our value of 12 .7 X 106. Blobel and Potter had related their ribosomes to all nuclei in the nuclear fraction which were derived, as they mention, not only from hepatocytes but also from other cells as well . Hepatocytes, however, contribute only about 60% to all nuclei in the liver . If this fact is taken into account, the number of ribosomes per hepatocyte, as derived from Blobel and Potter's data, may reach 9-10 million . The present estimation of ribosomal number, on the other hand, is a rather rough estimate since a number of assumptions had to be made which may easily have introduced a considerable systematic error of unknown degree and direction .
Finally, a light microscopic study by Preis and co-workers (31) on mouse liver should be mentioned . These authors determined the ratio of cytoplasm-to-nuclear-volumes to be 4.6, whereas in our study it amounted to 15 .3. Besides species differences, this striking discrepancy undoubtedly results from Holmes effect since the nuclear volume must be considerably over-estimated in 7-µ thick sections with nuclei stained dark .
In this study, we have attempted to characterize the morphometric properties of the normal rat liver cell, the specific aim in mind being to provide quantitative base line data for correlation with biochemical information derived from subcellular fractions of homogenized livers . The methods introduced are efficient and can be useful in correlated biochemical and morphological studies on experi-mentally induced alterations of hepatocytes, as exemplified in the accompanying paper (9) .
